To link psychophysical thresholds for blind spot awareness and filling-in with early neural components that underpin these perceptions. METHODS. Blind spot dimensions were quantified, after which an intrinsic stimulus (i.e., a rectangular bar of varying length centered within the blind spot) was used to determine blind spot awareness and filling-in for five subjects. Histologic examination of six human retinas at 20-m intervals from the temporal and nasal neural rims of the optic nerve head out to 1040 m allowed the quantification of outer nuclear layer thickness, a direct correlate of photoreceptor density. RESULTS. Blind spot awareness was reported for bar extensions beyond 0.4°to 0.8°from the edge of the blind spot. Partial and total blind spot filling-in were reported between 1.1°and 1.3°a nd beyond 1.5°, respectively. Histologic measures of ONL thickness were correlated with previously published data of photoreceptor spatial density to determine the percentage of photoreceptor density required to trigger a 75% probability response. Blind spot awareness was achieved by stimulating 43% to 70% of the maximum photoreceptor density. Partial and total filling-in of the blind spot required between 78% and 83% and more than 85% photoreceptor spatial densities, respectively. CONCLUSIONS. A novel intrinsic stimulus has been used to concurrently investigate blind spot awareness and blind spot filling-in. Retinal neural correlates of each visual experience have been quantified. Future computational models will have to integrate bottom-up constraints with long-range cortical receptive field activity and higher order cognitive factors. (Invest Ophthalmol Vis Sci. 2011;52:541-548)
T he optic nerve is a photoreceptor-free zone. Its intraocular portion, the optic disc, is positioned approximately 15°t emporal to the fovea and has a vertically oval shape approximately corresponding to a visual angle of 7.5°ϫ 5.5°. [1] [2] [3] Surprisingly, the consequence of this significant receptor gap does not present a conscious visual problem, even though its extent would comfortably engulf an area equivalent to more than 70 full moons. 4 This is because during binocular viewing, the monocular visual fields overlap such that each field overlays the contralateral blind spot, whereas under monocular conditions, the missing part of the visual field is neurally "filled-in." [5] [6] [7] [8] [9] Over the years many psychophysical studies have characterized the spatial and temporal characteristics of filling-in (completion) by using a variety of achromatic and chromatic stimuli. 7,10 -14 These stimuli have been positioned either exclusively outside (i.e., an extrinsic stimulus presentation (Figs. 1a, 1b), 10, 14 or both outside and (to some extent) inside the region corresponding to the blind spot (i.e., extrinsic and intrinsic stimuli presentations (Fig. 1c) . [11] [12] [13] For exclusively extrinsic stimuli, the strength and speed of the completion of the blind spot are strongly dependent on the contrast, texture, and spatial dimensions of the stimulus, but in stimuli with both extrinsic and intrinsic components (such as narrow collinear bars that invade the blind spot), filling-in is proportional to the gap size. 11, 13 To date, the vast majority of filling-in studies have used extrinsic stimuli, and underlying mechanisms have been interpreted in terms of lateral interpolations of neural signals originating from stimuli falling on retinal areas nearest to the rim of the blind spot. 8, 9, [15] [16] [17] These models generally reflect the experimental methodologies, as when collinear bars are placed on either side of the blind spot and the gap between the two leading edges of the bars is narrowed until completion is first reported. Although gap size is an important measure, extrinsic stimuli presentation does not allow a separate judgment of blind spot awareness and so undermines the generality of any resultant model.
In our present study, both awareness and filling in of the blind spot will be separately examined using a horizontal, rectangular bar positioned within the region of visual space corresponding to the blind spot (Figs. 1d, 2) . By recording the effects of extending the stimulus beyond the boundaries of the blind spot (Figs. 2c-e), we will first determine the bar length beyond the blind spot border required to generate an awareness of the blind spot (Fig. 2c , two blobs) and thereafter will determine the spatial location at which partial completion (Fig.  2d , bar with a ghosted center) and total completion (Fig. 2e , continuous homogeneous bar) occur. We believe that this technique will allow us to investigate concurrently both blind spot awareness and filling-in and to avoid the strong suprathreshold confounds that occur when using predominantly extrinsic stimuli. Furthermore, our novel technique will allow us to correlate awareness and filling-in with a previously uninvestigated neural correlate-the spatial density of the photoreceptors in the area of the visual field corresponding to the stimulus location.
Directly linking human psychophysical data with human retinal morphology is not a straightforward task. To date, only one study has described the photoreceptor topography in the area around the optic nerve head in humans. 18 Although this classic histologic study was principally directed at retinal areas away from the optic nerve head, it did provide data on one subject for a small section of the temporal retina adjacent to the rim of the optic nerve head. Counting individual photoreceptors located around the optic nerve head is challenging, especially for large numbers of eyes. Significantly, each photoreceptor has a nucleus in the outer nuclear layer (ONL), the thickness of which reflects the photoreceptor density. [1] [2] [3] 18, 19 By histologically examining human retinal sections close to the rim of the optic nerve head, we sought to correlate ONL thickness and, hence, photoreceptor density, with the psychophysical likelihoods of blind spot awareness and the perception of filling-in.
MATERIALS AND METHODS

Psychophysics
Mapping the Blind Spot Dimensions. Five subjects (age range, 22-62 years) naive to the purpose of the study took part in all experiments. All tasks were carried out with chin and forehead support and under right monocular viewing conditions at 57 cm from the monitor, which subtended a screen area of 33.5°ϫ 27°. Subjects were requested to fixate a central cross (1°ϫ 1°) at all times. The position and spatial extent of the blind spot was mapped onto a uniform dark gray display (Dell E173FP monitor: 1280 ϫ 1024 pixels; refresh rate 60 Hz; 0.10 cd/m 2 ). Circular 1.0°stimuli (54% contrast, 200-ms duration) were randomly presented 504 times within a 14°ϫ 12°matrix in and around the area of the visual field corresponding to the blind spot. A conventional "probability map of target detection" demarcated the coarse spatial position, size, and shape of the blind spot (Fig. 3a) . A more detailed spatial map of a specific section across the blind spot was subsequently investigated using a smaller horizontal rectangular matrix (15 ϫ 7 half-degree; Fig. 3b ). This second map allowed a far more accurate exploration of the blind spot's horizontal boundary within this section, through which our test stimuli would be presented. To further improve spatial resolution, a smaller, circular 0.5 deg°and an increased number of random presentations (n ϭ 525) were adopted across the cell matrix.
Quantifying Awareness and Filling-in of the Human Blind Spot. A rectangular bar (contrast, 54%) 0.5°in width was positioned within and along the minor axis of the blind spot and placed symmetrically within the inner and outer boundaries of the blind spot (Figs. 2, 3c ). Both leading edges of the bar had convex curvatures approximating the left and right curvatures of the blind spot borders. Before each trial began, the exact symmetrical alignment of the bar within the blind spot was accomplished by arranging that all subjects reported the presence of two equivalently sized blobs (either side of the blind spot) whenever the bar began to physically extend beyond the previously quantified blind spot boundary (Fig. 2c) . Awareness of either a single blob or of two asymmetrically sized blobs indicated that the intrinsically sighted bar had not been positioned symmetrically with respect to the borders of the blind spot (Fig. 3c) .
Twenty bar lengths (varying by increments of 6 min arc) were randomly presented, and subjects were asked to respond to 1 of 2 alternative perceptions in experiment 1: "2 blobs" or "a continuous bar" regardless of the bar's perceived uniformity (Fig. 1d) . In experi-FIGURE 1. Schematic illustration depicting a selection of methodologies that have been used to investigate the nature of filling-in of the blind spot. Stimuli can be presented either exclusively outside (a, b) or both outside and a little way inside the region corresponding to the blind spot (c). Typically, subjects are requested to report when the physical stimulus or stimuli is or are perceived to be continuous. In such cases, filling-in is driven by extrapolation or interpolation of the visible stimuli to the blind spot. Stimuli that lie predominantly inside the blind spot and extend a little way beyond the blind spot boundaries may also give rise to 1 of 2 possibilities (d): blind spot awareness (left) or filling-in of the blind spot (right). ment 2, subjects were asked to respond to 1 of 3 alternative perceptions: "2 blobs" (Fig. 2c) , "a bar with a ghosted center" (Fig. 2d) , and "a bar with a uniform appearance" (Fig. 2e) . Seventy-five percent threshold values were computed. For experiments 1 and 2, the stimulus presentation time was set at 200 ms.
Histology of the Human Retina Adjacent to the Optic Nerve Head
Six human eyes from separate donors (mean age, 66.2 Ϯ 9.8; age range, 48 -77 years; all male) were obtained from the donor eye banks at Moorfields Eye Hospital (London, UK) and the Bristol Eye Hospital (Bristol, UK) within approximately 48 hours of death and were stored in 10% formaldehyde in phosphate-buffered saline (pH 7.2).
An area of retina and underlying choroid and sclera (approximately 1 cm 2 and centered on the optic nerve head) was dissected and cryoprotected in 30% sucrose in 0.1 M phosphate-buffered 4% formaldehyde for 24 hours at room temperature. It was then embedded in gel-album/2.5% glutaraldehyde to provide support during sectioning. Frozen sections were cut at thicknesses of 50 m. Every section was stored in 4% paraformaldehyde in 0.1 M phosphate buffer at 4°C in individually numbered wells. Wet sections were mounted on slides using phosphate-buffered saline and a standard coverglass. All sections were examined in a fully hydrated condition.
The thickness of the ONL was measured using Nomarski differential contrast microscopy with a microscope (BHZ; Olympus, Tokyo, Japan). Final magnification was 200ϫ. ONL thicknesses were measured at 20-m intervals up to 740 m in all six eyes. Tissue quality allowed four eyes (mean age, 71.0 Ϯ 4.5 years; age range, 67-77 years) to be examined (at 20-m intervals) beyond 740 m, by a further 300 m, up to 1040 m from both the temporal and the nasal rims of the optic nerve. All ONL thickness measurements always began with retinal tissue from the temporal border of the intraocular portion of the optic nerve head; when completed, the nasal border retinal tissue was thereafter examined.
No donor eyes had a history of ocular abnormality, and the optic nerves and retinas appeared normal by gross examination during dissection. Full local ethical committee consent was obtained both for the psychophysical and the anatomic research studies. The experimental and clinical protocol adhered to the tenets of the Declaration of Helsinki.
RESULTS
Standardizing the Blind Spot Boundary
Starting conditions for the locations of the intrinsically placed bars were dependent on the position and spatial extent of each individual's blind spot and based on the horizontal boundary maps (Fig. 3c) . To circumvent the variability in blind spot dimensions among our subject group, any reference to bar length will be with respect to the blind spot boundary. That is, the blind spot boundary represents our zero position. Figure 4 illustrates the averaged response probability functions for detecting either two separate blobs (F) or a bar (f). The vertical line orthogonal to the abscissa at 0 demarcates the edge of the blind spot, with the gray area to its left corresponding to a 0.5°incursion into the blind spot. The first five data points depict a near zero detection rate for perception of the two blobs and the bar because stimuli were still located within the boundaries of the blind spot. As the bar length increased beyond the edge of the blind spot, the probability of detecting two blobs (i.e., blind spot awareness) also increased. This detection rate reached maximum levels when the bar protruded between 0.4°and 0.8°from the edge of the blind spot. Thereafter, the probability of detecting the bar steadily increased. The 75% bar detection threshold was reached when the bar had protruded 1.25°beyond the edge of the blind spot.
Experiment 1: Detection of Blobs or a Bar
Experiment 2: Detection of Blobs, a Bar with a Ghosted Centre, and a Uniform Bar
The response probabilities of detecting two blobs (F), a bar with a ghosted center (f), and a bar with a uniform appearance (f) are shown in Figure 5 . Typically, ghosted and uniform bars became noticeable when the bar was extended beyond 1.0°(range, 1.0°-1.3°) and 1.5°, respectively, from Figure 6 shows a horizontal section through the human retina near the nasal border of the optic nerve head. 
Histology of the ONL Thickness
DISCUSSION
This study set out to investigate the nature of subjective awareness and filling-in of the blind spot. More specifically, we sought to investigate the retinal neural components that may underpin such perceptual behaviors. Using a bar stimulus positioned within the blind spot, subjects were tasked to report when the previously unseen bar was first perceived, as two blobs or as a bar, when the length of the bar was increased beyond the blind spot boundaries and onto functional retinal tissue. In addition, we determined, from human eyes, the ONL FIGURE 3. Illustration of the shape and size of the blind spot of the right eye for subject 3. (a) Coarse evaluation of the blind spot. 1°circular stimuli were randomly presented a total of 504 times covering a 14°ϫ 12°matrix. The blind spot is demarcated by the dark gray area (horizontally 14°to 18°and vertically ϩ2°to Ϫ4°deg). Axes indicate the location of the blind spot relative to the fixation cross, which is located nasal to the blind spot. Horizontal plotted lines: specific area subsequently investigated in greater detail (b, c). (b) Fine evaluation of the blind spot. 0.5°c ircular stimuli were randomly presented a total of 525 times covering a 15°ϫ 7°matrix. The blind spot (100% unseen) is demarcated by the dark gray area with the lighter gray boundary equivalent to 60% unseen. (c) To investigate awareness and filling-in of the blind spot, a bar is positioned centrally along the minor axis in a meridian corresponding to 1°b elow the fixation level. Note that the location of this meridian will vary across the subject group because it is dependent on the overall shape and size of each individual's blind spot. 
Photoreceptor Roll-off at the Neuroretinal Rim
To explore the retinal morphology of the roll-off at the neuroretinal rim, we plotted our normalized ONL thickness data (F) alongside the only previously published normalized photoreceptor spatial density data set 18 (F) for a range of temporal retinal eccentricities (Fig. 8) . Location sampling differences between the two studies meant only eight data positions were exactly coincident and another was within 10 m over the 740-m interval. At the first comparable retinal eccentricity, 100 m, mean ONL thickness was recorded to be 29.2 Ϯ 5.4 m. This corresponded to a photoreceptor (i.e., both rods and cones) spatial density of approximately 54,000/mm 2 photoreceptors. At a retinal location of 740 m from the temporal edge of the optic nerve head, ONL thickness and photoreceptor density values had reached over 90% levels at 61.0 m and 137,000/mm 2 , respectively.
Retinal Limits of Awareness and Filling-in of the Blind Spot
In our present study, we have shown that awareness of the blind spot is likely when a stimulus bar falls on 115 m retinal FIGURE 5. Relationship between the length of the bar extending beyond the blind spot boundary and the response probability (%) for blobs (F), a continuous bar with a ghosted center (f), and a uniform bar (f). Ghosted bars are detected over a 0.4°r ange and reach peak detection for bar lengths of 1.1°. Detection thresholds over 75% for the uniform bar were not recorded until bar lengths exceeded 1.5°. Error bars display Ϯ1 SEM. tissue adjacent to and on either side of the optic nerve. This corresponded to a visual angle of 24 min arc and is the first quantification of blind spot awareness using a predominantly intrinsic stimulus. Conventionally, monocular blind spot filling-in has been explored by using visual stimuli placed predominantly outside the blind spot to generate an illusory percept within the region of space where there are no photoreceptors. Such a filling-in phenomenon has generally been considered an "all-or-none" behavior. 6 -9 Subjectively, when features such as extrinsic collinear bars invaded the blind spot, subjects became aware of the completion. However, no indication has been given as to whether the completion is partial or complete. In comparison, our present study has explored two discrete aspects of filling-in by varying the response criteria (i.e., ghosted and uniform bar). In this way we were able to explore the impact of top-down influences on our threshold responses.
Our study also sought to determine the spatial limits of retinal stimulation needed to drive filling-in, and we identified a 0.5°range between 1.0°(288 m) and 1.5°(432 m), which encompassed both partial and total filling-in. As stated earlier (see Results: Experiment 2), the experimental methodology can strongly influence the spatial extent of filling-in.
In comparison, a recent study 14 using a narrow concentric ring of texture immediately bordering the blind spot (Fig. 1b) found that total filling-in of the blind spot was reported for widths of the annulus between 20 min arc and 40 min arc (i.e., 96 -192 m). However, our study design differed in a number of significant ways from the design of that study.
14 First, we mapped out the position and size of the blind spot using a stationary target presented in time rather than using a moving target (kinetic mapping). The latter method can introduce reaction time artifacts and result in misleading blind spot topographies. Second, the location of our stimulus was predominantly intrinsic rather than exclusively extrinsic to the blind spot, thereby minimizing adaptation and eye movement confounds. Third, we chose to use bar stimulus, which is more local than the global annulus used by Spillman et al.
14 Fourth, our study was able to make apparent the confound of topdown influences by examining partial as well as total filling-in of the blind spot.
Initial blind spot awareness was judged to occur when the two separate blobs were first detected (Fig. 2c) . Using the weighted function of ONL thickness (Fig. 8 छ) and photoreceptor data, we found a blind spot awareness range that corresponded to retinal distances between 24 min arc and 48 min Normalized nasal ONL thickness data from this study (F) plotted alongside the spatial density of the nasal retinal photoreceptors (rods and cones; F) taken from the 1990 study by Curcio et al. 18 for retinal locations between 100 m and 740 m from the temporal rim of the optic nerve head. A weighted average of the two functions is shown (छ). SEM is shown only for the ONL thickness data (n ϭ 6). Photoreceptor density data are taken from a single eye.
arc (115-230 m) , reflecting a need to stimulate between 48% and 63% of the maximum spatial density of photoreceptors. Partial bar filling-in (i.e., a bar with a ghosted center; Fig. 2d) began at approximately 66 min arc and continued to 78 min arc (317-374 m) and corresponded approximately to 72% to 76% of the maximum photoreceptor spatial density. Total filling-in (i.e., a uniform bar; Fig. 2e ) was found to occur beyond 90 min arc (432 m; corresponding to approximately 78% of the maximum photoreceptor spatial density).
Most of the prevailing evidence suggests that there are strong, active mechanisms in the visual cortex underpinning this behavior. 13, 17, [21] [22] [23] [24] However, lower order afferents that drive the cortical responses also merit consideration.
Phenomenology of Visual Scotoma
Over the years a broad range of modal and amodal filling-in categories have been investigated. 7 These may be classed as physiological (e.g., the blind spot, a simulated scotoma within a visual scene, illusionary modal contours [i.e., Kaniza triangle]) or pathologic, secondary to disease or trauma along the visual pathway. In the case of the physiological blind spot, previous studies have demonstrated that visual field loss is not an isolated absolute scotoma but is an ellipsoid absolute scotoma surrounded by a relative scotoma annulus. [25] [26] [27] [28] Psychophysically, this relative area can be demarcated using small stimuli subtending 30 min arc. Supporting evidence for this sensitivity gradient comes from the histologic mapping of photoreceptor density at the neuroretinal rim, which can extend beyond 62.5 min arc (300 m), 18 together with perimetric studies showing a shoulder of at least 44 min arc (211 m) from the blind spot. [25] [26] [27] [28] Our ONL thickness data (Fig. 7) also lend support to this view. However, it should be emphasized that histologic studies are prone to large intersubject variability, with differences in tissue preparation and sampling making comparisons difficult. 18, 29, 30 In summary, compared with other categories of completion, the blind spot is clearly a special case. The visual pathways are intact and the photoreceptor gap is hard wired. Moreover, the blind spot scotoma is fixed and located approximately 15°temporal to fixation. It also exhibits a relative sensitivity gradient around the absolute central scotoma. Yet, and almost certainly because of these unique conditions, the predictable visual consequences do not readily enter our consciousness during natural viewing conditions. For larger surrounds, contour completion across the blind spot is immediate, sustained, and apparently effortless, although in common with other categories of filling-in it is unlikely to be an accurate representation of the missing scene.
Concluding Remarks
Filling-in of the blind spot involves neural interpolation across the photoreceptor-free zone. In the past, cortical neural mechanisms underlying this behavior have emphasized the role of neuronal firing rates in the retinotopically organized areas of V1 and V2 [31] [32] [33] [34] and the need to consider processing far beyond the "classical" receptive field. 32, 35, 36 To date, explanations for awareness and filling-in of the blind spot have tended to neglect the precortical stages of neuronal processing. The primary purpose of the present study was to link the perceptual experience with the corresponding retinal neuroanatomy. Here we have provided direct evidence that variation in photoreceptor density around the neuroretinal rim should be taken into account in future psychophysical explanations. Moreover, incorporating aspects of retinal structure and function, together with aspects of neural activity in the visual cortex and subsequent cognitive processing (attention, inference, and salience) is likely to assist further understanding of the underlying mechanisms responsible for the spatial and temporal limits to awareness and filling-in of the blind spot.
